Merozoites of the malaria parasite Plasmodium falciparum expose at their surface a large multiprotein complex, composed of proteolytically processed, noncovalently associated products of at least three genes, msp-1, msp-6, and msp-7. During invasion of erythrocytes, this complex is shed from the surface except for a small glycosylphosphatidylinositol-anchored portion originating from MSP-1. The proteolytic cleavage separating the C-terminal portion of MSP-1 is required for successful invasion. Little is known about the structure and function of the abundant and essential multipartite complex. Using heterologously produced MSP-1, MSP-6, and MSP-7 in precursor and with the exception of MSP-7 in processed form, we have studied in vitro the complex formation between the different proteins to identify the interaction partners within the complex. Both MSP-6 36 and MSP-7 bind only to MSP-1 subunits that are shed, but although MSP-6 36 contacts just subunit p38, MSP-7 interacts with p83, p30, and p38. The intact C-terminal region of MSP-6 is required for the association with p38 as well as for its multimerization into tetramers. Furthermore, our data suggest that only the processed form and not the precursor form of MSP-1 interacts with MSP-6 36 . MSP-6-as well as MSP-7-specific rabbit antibodies inhibit parasite multiplication in vitro as shown previously for antibodies directed against MSP-1. Our findings raise interesting questions with regard to proteolysis-mediated mechanisms of maturation of the MSP-1-MSP-6-MSP-7 complex and to the mode by which antibodies directed against this complex interfere with parasite multiplication.
The major protein complex at the surface of merozoites of the human malaria parasite Plasmodium falciparum is a noncovalent assembly of proteolytically processed products of at least three genes (msp-1, msp-6, and msp-7) encoding merozoite surface proteins 1, 6, and 7 (1-3). As a major component at the interface between the parasite and the host cell, the role of the MSP-1-MSP-6-MSP-7 complex is intriguing, particularly as it also provides targets for the host's immune response. Indeed, numerous findings support the candidacy of MSP-1 as a component of a malaria vaccine, although this protein has also been implicated in a novel immune evasion mechanism (4) . During invasion of erythrocytes by merozoites, the multipartite complex is shed from the surface of the parasite, and there is convincing evidence that MSP-1 plays an essential role in this process (5) , although detailed molecular mechanisms have remained elusive. Less is known about the functions of MSP-6 and MSP-7.
MSP-1, initially deposited at the merozoite surface as an ϳ190-kDa precursor (6) , is processed during maturation of merozoites into four major products, p83, p30, p38, and p42, which, however, remain noncovalently associated (7) . A secondary proteolysis cleaves p42 into p33 and the glycosylphosphatidylinositol-anchored C-terminal fragment, designated p19 (Fig. 1A) , which is the only moiety that is carried into the host cell (8, 9) . This secondary cleavage is thought to be a prerequisite for successful erythrocyte invasion (5) .
MSP-6 is an essentially dimorphic protein (10) exhibiting high conservation within the dimorphic alleles characterized by the 3D7 and the K1 type. Although the 3D7 prototype is widely distributed, the K1 version of MSP-6 is found primarily in Southeast Asia (10) . Both dimorphic forms of MSP-6 are proteolytically processed albeit at different sites of the protein, and only processed forms are found in the complex shed from the merozoite surface (10) . Here we have only studied MSP-6 of the 3D7 type. MSP-6 is related to MSP-3 (3) based on a high sequence similarity at the C terminus, which can give rise to antibodies reacting with both proteins (10, 11) . Recently, it has been shown that MSP-3 can form highly elongated dimers and tetramers via its C terminus containing a predicted coiled-coil region (12) .
MSP-7, which is a member of a multigene family, is highly conserved in P. falciparum, and homologues were identified in other parasite species (2, 13) . Because only a processed form of MSP-7 is found at the merozoite surface (14) , it was proposed that conversion of MSP-7 into MSP-7 22 takes place prior to merozoite release. Apparently, at the same time when p42 is cleaved into p33 and the glycosylphosphatidylinositol-anchored p19, a second proteolysis converts MSP-7 22 into MSP-7 19 , which is exclusively found in the shed complex (1, 14) .
Immunological data support the view that the MSP-1-MSP-6-MSP-7 complex provides multiple targets for antibodies capable of interfering with parasite multiplication in vitro. Accordingly, there is ample evidence for protective antibodies directed toward MSP-1 (for review see Kumar et al. (15) ), and antibodies that inhibit parasite growth in vitro are elicited by epitopes distributed throughout the MSP-1 molecule (16) . These findings have turned MSP-1 and parts thereof into promising candidates for malaria vaccines. Furthermore, rabbit antibodies raised against MSP-6 exhibit some potential to inhibit parasite growth in vitro (10) , and strong interference with parasite multiplication was shown for MSP-6-specific human antibodies in an antibody-dependent cellular inhibition assay (11) . Interestingly, in the Plasmodium yoelii system, immunization with the MSRP-2 (MSP-7-related protein 2) but not with MSP-7 was protective (17) , whereas disruption of msp-7 in Plasmodium berghei apparently impaired invasion of erythrocytes but not of reticulocytes (18) . Together, these data attribute functional importance to the MSP-1 ligands MSP-6 and MSP-7, justifying a more detailed analysis of their interactions.
A first delineation of an interaction partner for MSP-7 of P. yoelii was reported by Mello et al. (13) who demonstrated an affinity between P. yoelii MSP-7 and the N-terminal part of p83 of MSP-1 by using a yeast two-hybrid system. In the in vitro experiments reported here, we have directly probed interactions between MSP-1 of P. falciparum and its ligands MSP-6 and MSP-7, respectively. MSP-7 and MSP-6 as well as the primary processing product MSP-6 36 and a C-terminal truncated version of MSP-6 36 , MSP-6 36 ⌬, were purified from Escherichia coli extracts and assayed in various combinations with MSP-1 and its subunits. Our data have allowed us to identify the interaction partners of the two ligand proteins within the MSP-1 complex and to map the domain within MSP-6 which is involved in MSP-1 binding as well as in multimerization of MSP-6. Moreover, we show that rabbit antibodies raised against MSP-6 and MSP-7 efficiently inhibit parasite multiplication in vitro.
MATERIALS AND METHODS
Cloning and Expression of msp-1, msp-6, and msp-7 from P. falciparum Strain 3D7-Cloning and expression of the msp-1 gene of P. falciparum strain 3D7, designated msp-1d (MSP-1D for the protein), were described in previously (19 -21) . The sequences encoding the MSP-7 and MSP-6 precursor, respectively, without signal sequences were obtained by PCR amplification from genomic DNA of P. falciparum 3D7. The following primers were used: msp7ClaI5Ј, GCGATCGATACAC-CAGTAAATAATGAAGAAGAT; msp7PstI3Ј, GCGCTGCAGTTAC-ATTGTGTTTTAGTAAATTAA-ATG; msp6ClaI5Ј, GCGATCGAT-GAAAATAACTTTATCAGAAA-TGAAC; msp6XbaI3Ј, GCGTCTAGATTAATTATTACTA-AATAGATGGAT; and msp6p36ClaI5Ј, GCGCATCGATA-TCGAAGGTCGTTCTGAAACAAATAA. The unique ClaI cleavage sites generated at the 5Ј end of the two genes allowed their cloning downstream of a glutathione S-transferase (GST) 3 or His 6 encoding sequence within appropriately modified pZ expression vectors (22) . The DNAs cloned were verified by sequence analysis. The different pZE constructs were transferred into E. coli strain W3110Z1 or DH5␣Z1 (22) where the expression of the target gene is inducible by isopropyl 1-thio-␤-D-galactopyranoside.
Purification of MSP-1D Precursor and MSP-1D SubunitsAll protein purifications were performed using the Á KTA system, and columns and resins were from GE Healthcare. Purification of His 6 -tagged MSP-1D fragments p83, p30, p38, and p42 was described previously (20, 21) . In brief, proteins were expressed in E. coli as insoluble inclusion bodies, which after solubilization were purified under denaturing conditions by affinity chromatography on Ni 2ϩ -Sepharose before they were renatured either by dialysis or by pulse renaturation. A, outline of MSP-1 precursor of P. falciparum strain 3D7 (MSP-1D), a representative of the MAD20 prototype. The arrows indicate the sites where the precursor protein is cleaved into its major subunits p83 to p42 as defined by Stafford et al. (1) . A secondary proteolysis cleaves p42 into p33 and p19. The latter protein is anchored in the parasite membrane via a glycosylphosphatidylinositol moiety (GA). White, gray, and hatched boxes represent conserved, dimorphic, and oligomorphic regions, respectively. The amino acid positions delineate the heterologously produced fragments p83, p30, p38, and p42 as described in detail by Kauth et al. (20) . B, outline of MSP-6 of P. falciparum strain 3D7. The arrow indicates the processing site, and the coiled-coil region is shown in dark gray. gMSP-6 is a fusion protein between GST and the MSP-6 precursor without signal peptide. MSP-6 36 is the processed form of MSP-6. MSP-6 36 ⌬ is the cleavage product of MSP-6 36 spontaneously generated in E. coli by proteolysis. C, outline of MSP-7. The arrows indicate the sites where proteolytic cleavage converts MSP-7 into MSP-7 22 and MSP-7 19 , respectively. gMSP-7 is the GST fusion protein used in our studies.
The MSP-1D precursor, p190, N-terminally fused to GST and C-terminally to His 6 (pg190) was expressed in E. coli at 25°C as a soluble protein. It was purified by Ni 2ϩ -chelate chromatography followed by separation on GSH-Sepharose 4B. A good manufacturing practice, compatible production process, and characterization of the resulting protein will be described in detail in a forthcoming publication.
GST-tagged p30 (pg30) of MSP-1D was recovered from E. coli extracts as soluble protein by affinity chromatography on GSH-Sepharose FF. The material was eluted from the column with phosphate-buffered saline (PBS), pH 7.4, containing 5 mM DTT and 10 mM GSH. It was dialyzed against PBS, pH 7.4, and stored at Ϫ80°C.
His 6 -tagged pA2b, a fragment of p83 (amino acids 119 -406) of MSP-1D (Fig. 1A) , was synthesized as a soluble protein. E. coli extracts containing the protein were loaded onto a Ni 2ϩ -chelating Sepharose HiTrap column equilibrated with buffer A (PBS, pH 7.4, 10 mM imidazole, 3 mM 2-mercaptoethanol). After washing with buffer B (PBS, pH 7.4, 1 M NaCl, 10% glycerol, 3 mM 2-mercaptoethanol, 0.1% (w/v) lauroylsarcosine) and buffer A containing 50 mM imidazole, the protein was eluted with buffer A containing 500 mM imidazole and subsequently dialyzed against PBS, pH 7.4.
Purification of , and MSP-7-MSP-6 precursor as well as processed MSP-6 36 were produced in E. coli as soluble proteins with either a GST (gMSP-6) or a His 6 tag (Fig.  1B) . E. coli extracts containing gMSP-6 were applied onto GSHSepharose FF columns equilibrated with buffer C (PBS, pH 7.4, containing 5 mM DTT). After washing thoroughly with the same buffer, the protein was eluted with buffer C containing 10 mM GSH. The eluate was dialyzed against buffer D (20 mM Tris, pH 8.0, 20 mM NaCl) and loaded onto a Q-Sepharose column equilibrated with the same buffer. After washing with buffer D containing 300 mM NaCl, gMSP-6 was eluted with buffer D containing 1 M NaCl and subsequently dialyzed against PBS, pH 7.4.
The E. coli extracts containing soluble His 6 -tagged MSP-6 36 were loaded onto a Ni 2ϩ -chelating Sepharose HiTrap column and purified like pA2b of MSP-1D. The eluate was dialyzed against buffer E (20 mM L-histidine-HCl, pH 5.4, 50 mM NaCl) and loaded onto a Q-Sepharose column equilibrated with the same buffer. After washing with buffer E containing 250 mM NaCl, MSP-6 36 ⌬ was differentially eluted with buffer E containing 350 mM NaCl, and MSP-6 36 was recovered from the column with buffer E containing 500 mM NaCl. Both proteins were subsequently dialyzed against PBS, pH 7.4. The overall yield per g of E. coli wet paste was around 0.25 mg for MSP-6 36 as well as for MSP-6 36 ⌬.
The gMSP-7 precursor protein (Fig. 1C) was also produced as a soluble protein and purified via GSH-Sepharose FF using the same protocol as for gMSP-6 precursor protein. After concentration by ultrafiltration in a Amicon stirring cell using a 10-kDa cut-off membrane (Millipore), the protein was applied to a Superdex 200 size exclusion column with PBS, pH 7.4, as running buffer. The overall yield per g of E. coli wet paste was around 0.2 mg.
Protein contents of the eluted fractions were determined according to Bradford, and purity was examined by electrophoresis in polyacrylamide gels (12% acrylamide, 0.4% SDS, 100 mM DTT, i.e. SDS-PAGE standard conditions). Nonreducing conditions were achieved by omission of DTT. Gels were Coomassie-stained and subsequently destained in an aqueous acetic acid/ethanol mixture.
Assembly of Merozoite Surface Protein Complexes-To examine the association of MSP-1D assembled from its subunits with gMSP-7 or gMSP-6, respective proteins were incubated in PBS, pH 7.4, for 8 -12 h at 4°C. Complex formation was monitored by affinity chromatography either via an antibody column or via GSH-Sepharose. In brief, for immunoaffinity chromatography, mAb 5.2 (21), specific for a conformational epitope within p42 of MSP-1, was fixed to Sepharose via protein A. The protein mixture was applied to the equilibrated column (PBS, pH 7.4), and after washing with PBS, pH 7.4, the protein complexes were eluted with 0.1 M glycine, pH 2.5. The acidic eluate was immediately neutralized with 0.1 volumes of 1 M Tris, pH 8.0. For retaining complexes via GST tags, protein mixtures were applied to GSH-Sepharose columns equilibrated with PBS, pH 7.4. After thorough washing with the same buffer, proteins were eluted with PBS, pH 7.4, 15 mM GSH.
For assembling merozoite surface protein complexes via co-renaturation of different proteins, affinity-purified and solubilized proteins, each denatured in 50 mM Tris, pH 8.0, 4 M guanidine hydrochloride, were mixed in near equimolar concentrations and dialyzed overnight at 4°C against refolding buffer (1 M arginine, 100 mM Tris, pH 8.0, 1 mM GSH, 0.1 mM GSSG, 2 mM EDTA) followed by dialysis against PBS, pH 7.4, for 16 h at 4°C. Complex formation was monitored as described above.
Analytical Size Exclusion Chromatography-MSP-6 36 and MSP-6 36 ⌬ in PBS, pH 7.4, in concentrations ranging from 5 to 40 M were loaded onto a Superdex 200 HR 10/30 size exclusion column with a loading volume of 1% of the column volume and a flow rate of 0.25 ml/min. The theoretical molecular mass of the proteins in the different peak fractions was calculated by using a standard of globular proteins that were chromatographed under identical conditions. Samples of all major peak fractions were analyzed by SDS-PAGE for their protein composition.
Chemical Cross-linking-Proteins were cross-linked by either ethylene glycol bis-succinimidylsuccinate (EGS) or glutaraldehyde. MSP-6 36 and MSP-6 36 ⌬ in PBS, pH 7.4, in concentrations ranging from 10 to 40 M, were mixed with a 0.2-10-fold molar excess of EGS over the lysine residues of the proteins. In the case of glutaraldehyde the cross-linker concentration was 0.025%. The mixtures were incubated at 4 or 23°C, and aliquots were taken at different time points. The reaction was stopped by adding SDS-PAGE sample buffer and Tris, pH 8.0, to a final concentration of 100 mM. The unboiled samples were analyzed by SDS-PAGE.
Sedimentation Analysis (23)-Analytical ultracentrifugation experiments were carried out using a Beckman analytical ultracentrifuge (Optima XLA) equipped with an ultraviolet absorption optical system.
Sedimentation velocity experiments were carried out in double-sector charcoal-Epon cells at 4 and 37°C at 42,000 rpm.
Scans were recorded at a protein concentration of 0.08 -0.15 mg/ml at 230 nm or at 0.6 -1.1 mg/ml at 280 nm using a spacing of 0.003 cm with four averages in a continuous scan mode. Data analysis was performed using the program DCDTϩ (version 2.0.4) (24) .
Sedimentation equilibrium runs were carried out at 4°C. A volume of 150 l of each sample was loaded in double-sector charcoal-Epon cells. Scans were recorded at 280 nm using a spacing of 0.001 with 10 averages in a step scan mode at 7,000 rpm (MSP6 36 ) and at 15,000 rpm (MSP-6 36 ⌬) every 4 h until no change could be detected between successive scans. The base line of the centrifugation run was determined by spinning the sample down at the end of the experiment (42,000 rpm) and averaging the absorbance in the first one-third of the scan.
To calculate the apparent molecular mass versus the observed protein concentration, a single ideal exponential fit (25) was generated with fixed base lines in an overlapping fashion for every 30 data points. Extrapolation to zero protein concentration yields the molecular mass of the smallest soluble components (25) . The molecular mass according to the amino acid sequence, the absorbance per mg/ml at 280 nm, the hydration, the partial specific volume, and the density and viscosity of the buffer, respectively, were calculated with the program SEDNTERP version 1.05 (available on line). The SEDNTERP version 1.05 program was used for calculating the molecular masses of the complexes as well as cylindrical models that were based on the observed s 20,w values.
Preparation of Antibodies, Preparation of Synchronized Parasite Cultures, Assaying Inhibition of Parasite Replication, and
Flow Cytometric Assays-These procedures have recently been described in detail (16) .
Examination of ␣MSP-6 and ␣MSP-7 Antibodies by Western Blot-To probe the specificity of antibodies with schizont proteins, schizonts were fully developed and isolated by magnetic cell separation as described (16) , and aliquots of parasitized red blood cells were taken up in sample buffer for SDS-PAGE. To examine antibodies with merozoite proteins, naturally released merozoites were isolated as described previously (26), and samples were prepared for SDS-PAGE analysis. Electrophoretically separated proteins were transferred onto polyvinylidene difluoride membranes (Millipore), and Western blots were developed as described previously (21) .
RESULTS

Cloning and Expression of msp-7 and msp-6 Variants-
The coding sequences of MSP-6, MSP-6 36 , and MSP-7 were recovered from genomic DNA isolated from P. falciparum strain 3D7 by PCR. By using appropriate primers, the sequences were obtained, which upon cloning and expression in E. coli yielded proteins N-terminally fused to either a GST or to a His 6 tag facilitating their isolation via affinity chromatography. The MSP-1D precursor p190 was obtained as an N-terminal GST and C-terminal His 6 fusion as described previously (20) . It is designated in the following as pg190. All coding sequences were integrated into vectors of the pZ plasmid family, where their expression is controlled by isopropyl 1-thio-␤-D-galactopyranoside (22) . Interestingly, when fused to a His 6 tag neither MSP-6 nor MSP-7 showed detectable expression even when analyzed by Western blot (data not shown). By contrast, the GST-tagged versions of these proteins, henceforth denoted as gMSP-7 and gMSP-6, could be produced in good yields as soluble proteins reaching up to 1% of total E. coli protein as judged by SDS-PAGE. The various expression levels are most likely due to different mRNA folding patterns, which in turn lead to different translation efficiencies. On the other hand the His 6 fusion of MSP-6 36 , denoted in the following MSP-6 36 , could be recovered from the soluble fraction.
Because we have included in our study only MSP-6 and MSP-7 of strain 3D7, we do not refer to this fact in our nomenclature (in contrast to MSP-1D). Also for simplicity, we refer to GST fusions by the prefix "g" only when this tag was used for affinity chromatography (Fig. 1) .
Purification of gMSP-7, gMSP-6, and MSP-6 36 -Western blot analysis of the E. coli cell extracts containing gMSP-7 or gMSP-6, respectively, indicated that both proteins were considerably degraded by endogenous proteases (data not shown). Nevertheless, both proteins could be purified in good yield to near-homogeneity by employing two separate two-step chromatographic procedures (Fig. 2, A and B) . Interestingly, the processing product of MSP-6, MSP-6 36 , behaved not only differently with regard to expression levels but also to its susceptibility toward E. coli proteases; E. coli extracts containing MSP-6 36 consistently showed a single distinct cleavage product (Fig. 2C, lane 3) that is not visible in gMSP-6 preparations. This cleavage product, which we term MSP-6 36 ⌬, could be quantitatively separated from MSP-6 36 by anion exchange chromatography (Fig. 2C) . Analysis of MSP-6 36 ⌬ by mass spectroscopy revealed that it is a C-terminally truncated cleavage product of MSP-6 36 with a molecular mass of 20,203 Da (including His 6 and a 6-amino acid linker sequence) lacking 51 amino acids at its C terminus. Both variants of MSP-6 36 did not differ in solubility. It should be noted that the extent of cleavage increased upon prolonged incubation of the cell lysate and was significantly reduced, although not abrogated, by the addition of protease inhibitors (data not shown). A corresponding cleavage was not observed with gMSP-6 (Fig. 1A, lane 3) indicating that in E. coli the cleavage site between Asn-320 and Leu-321 is less accessible in the precursor protein.
Probing Interactions between MSP-1D and MSP-6 36 -Previously, we have shown that MSP-1D can be reconstituted from its processing products p83, p30, p38, and p42 in vitro by either co-renaturation or association of the separately refolded subunits (20) . Following this experimental approach, we examined whether we could assemble the MSP-1D complex together with its ligands MSP-6, MSP-6 36 , and as described below with MSP-7. We first incubated MSP-6 36 with MSP-1D previously assembled from its four subunits. MSP-6 36 is able to bind to MSP-1D (Fig. 3A) . To identify subunits of MSP-1D responsible for the interaction with MSP-6 36 , the protein was exposed to MSP-1D complexes lacking either p83 or both p83 and p30. In both cases, a complex was formed (Fig. 3, B and C) . By contrast, when MSP-6 36 was incubated with either p42 or pg30, no interaction was detected (Fig. 3, D and E) . A possible interaction with p83 could not be directly examined, because the GST fusion of p83 is hardly soluble and highly susceptible to degradation. Our results strongly indicate that p38 is the main and most likely the sole interaction partner of MSP-6 36 within the MSP-1D complex. The interaction between MSP-6 36 and p38 is confirmed by sedimentation analysis that revealed an increased s 20,w value of 4.3 S when both proteins are co-sedimented, whereas MSP-6 36 and p38, when analyzed individually at the same concentrations, sedimented with 3.7 S and 3.6 S, respectively (data not shown).
To assess whether primary processing of MSP-1 is a prerequisite for its interaction with MSP-6 36 , we incubated the GSTtagged MSP-1 precursor protein pg190 with MSP-6 36 and probed a possible interaction via GSH chromatography. As shown in Fig. 3F , these two proteins do not associate under our conditions, suggesting that essential structural motifs within MSP-1D are apparently not accessible in unprocessed pg190.
To define more precisely the sites within MSP-6 36 , which are responsible for the interaction with MSP-1D, we conducted the same experiments as described above using MSP-6 36 ⌬. Remarkably, this C-terminally shortened protein neither associated with the intact MSP-1 complex (Fig. 3G) nor with the complex formed between p38 and p42 (Fig. 3H) .
Characterization of MSP-6 36 and MSP-6 36 ⌬ by Size Exclusion Chromatography and Chemical Cross-linking-The similarity between MSP-6 and MSP-3 (12) stipulated us to probe the conformation of MSP-6. Size exclusion chromatography revealed that MSP-6 36 ⌬, which is lacking the C-terminal region, eluted at a volume corresponding to a globular protein with an ϳ7-fold higher molecular weight than calculated (Fig.  4A) . By contrast, the mobility of MSP-6 36 resembled a globular protein of 700 -800 kDa (Fig. 4B) , which would be ϳ29-fold higher than the theoretical molecular weight. These results indicated a multimerization of MSP-6 caused by the presence of the C-terminal region.
To provide further proof for the multimeric conformation of MSP-6 36 , we performed cross-linking experiments using EGS and glutaraldehyde. In case of MSP-6 36 ⌬, none of the crosslinkers could generate defined higher molecular mass species even when used at high concentrations that caused internal cross-linking and led to faster migrating species (Fig. 4, C and D) . When MSP-6 36 was incubated with EGS, even low concentrations of the cross-linker stabilized specific oligomeric conformations which, by comparison with molecular mass standards, could be dimers and tetramers, whereby the dimers appeared early within the time course (Fig. 4E) . Peptide mapping ensured that the high molecular mass species originated from MSP-6 36 . Using glutaraldehyde, a less specific crosslinker, at a concentration of 0.025%, MSP-6 36 was almost completely shifted to the higher molecular mass bands (Fig. 4F) . Neither the concentration of the protein (10 -40 M) nor the temperatures at which the cross-linking experiments were carried out (4°C, 23°C) influenced the final band pattern observed (data not shown).
Hydrodynamic Parameters of MSP-6 36 and MSP-6 36 ⌬-To gain some insights into the size and shape of MSP-6 36 , we subjected both MSP-6 36 and MSP-6 36 ⌬ to analytical ultracentrifugation. The state of association of MSP-6 36 and MSP-6 36 ⌬ was probed by sedimentation equilibrium ultracentrifugation that revealed an apparent molecular mass of 20 and 88 kDa for MSP-6 36 ⌬ and MSP-6 36 , respectively (Fig. 5A) . For MSP-6 36 ⌬ the apparent molecular mass is in good agreement with the value predicted for a monomer. By contrast, the observed molecular mass for MSP-6 36 of 88 kDa is only 15% off from the theoretical molecular mass of a MSP-6 36 tetramer (104 kDa). This tetrameric form of MSP-6 36 is confirmed by our cross-linking studies (Fig. 4) .
To probe the homogeneity of our protein populations and the shape of the two molecular species, sedimentation velocities were measured at 4 and 37°C and at different concentrations (1.1, 0.6, 0.15, and 0.075 mg/ml for MSP-6 36 ; 0.8 and 0.08 mg/ml for MSP-6 36 ⌬). Our data show that MSP-6 36 ⌬ sediments as a uniform species with a mean s 20,w value of 1.64 S (range, 1.62-1.65 S) (Fig. 5B) . By contrast, for MSP-6 36 the profile of the moving boundary revealed a main species comprising more than 80% of the material, which sedimented with a mean s 20,w value of 3.68 S (range, 3.54 -3.83 S) (Fig. 5B) .
Probing Interactions between gMSP-6 and MSP-1D Assembled from Its Subunits-It was of interest to see whether fulllength MSP-6 precursor would also interact with MSP-1. Accordingly, gMSP-6 was incubated with the pre-assembled MSP-1D complex, but no complex formation could be detected by GSH affinity chromatography (Fig. 6A) . However, when the five proteins, i.e. the four MSP-1 subunits and the gMSP-6 precursor, were denatured and then renatured together, a complex containing all proteins could be isolated via immunoaffinity chromatography (Fig. 6B) but not by chromatography on GSHSepharose. The results show that, as previously observed, 4 the GST moiety of the MSP-6 fusion does not refold into a functional domain under the conditions used, suggesting that the N-terminal GST tag of gMSP-6 in its native conformation interferes with the binding of MSP-6 to MSP-1. This interference is possibly because of the known dimerization of the GST domain that may prevent the formation of the MSP-6 tetramer.
Probing Interactions between MSP-1D and MSP-7-Potential association between MSP-7 and MSP-1D was examined by the "GST-GSH affinity approach" using gMSP-7. Accordingly, we incubated gMSP-7 with the pre-assembled MSP-1D complex as well as with the individual MSP-1D subunits. As shown in Fig. 7A , the full MSP-1D complex is retained on a GSH-Sepharose via gMSP-7. Moreover, complex formation is also seen between gMSP-7 and the individual subunits p83, p30, and p38 (Fig. 7,  B-D) . By contrast, no interaction was detected between gMSP-7 and p42 (Fig. 7E) . GST alone did not exhibit any detectable affinity to the MSP-1D complex (data not shown). These results show that, in contrast to MSP-6, the MSP-7 precursor contacts, with the exception of p42, all other MSP-1D subunits.
pA2b spans a region within p83 that contains most of the highly conserved sequences of this subunit (Fig. 1A) . We had shown previously that by thrombin-mediated proteolysis this fragment could be liberated from the MSP-1D complex (20) . As shown in Fig. 7F , pA2b binds to gMSP-7 indicating that at least one domain responsible for the interaction between p83 and gMSP-7 resides within a highly conserved part of MSP-1.
Finally, we explored whether MSP-6 and MSP-7 interact with each other in the absence of MSP-1D and, as shown in Fig. 3I , whether these two proteins did not show a detectable affinity for each other.
Effect of ␣MSP-6 and ␣MSP-7 Antibodies on Parasite Replication in Vitro-To explore whether a humoral immune response directed against MSP-6 or MSP-7 may be protective, we raised rabbit antibodies against gMSP-6 and gMSP-7 to examine their potential of inhibiting parasite growth in vitro. When schizont extracts were probed with ␣MSP-6 antibodies, a single band was stained (Fig. 8A, lane S) , which migrates as expected for full size MSP-6 (apparent molecular mass around 50 kDa) in agreement with its aberrant migration behavior (10) . By contrast, processed MSP-6 36 could only be observed in the merozoite preparation (Fig.  8A, lane M) , indicating that at the stage of schizont harvest cleavage of has not yet occurred to a measurable extent. Moreover, potentially cross-reacting MSP-3 was not detected, revealing that antibodies obtained with gMSP-6 under our conditions are not directed toward C-terminal epitopes conserved between MSP-6 and MSP-3. A more complex picture was D, exposure of MSP-6 36 to p42 and subsequent affinity chromatography on a mAb 5.2 column. E, exposure of MSP-6 36 to GST-tagged p30 (pg30) followed by GSH-Sepharose chromatography. F, exposure of MSP-6 36 to the MSP-1D precursor fused to GST (pg190) followed by GSH-Sepharose chromatography. G and H, probing the binding between MSP-6 36 ⌬ and pre-assembled full size MSP-1 and pre-assembled p38 ϩ p42, respectively. Analysis via mAb 5.2 affinity chromatography; I, incubation of MSP-6 36 with MSP-7 fused to GST followed by GSH-Sepharose chromatography.
expected and indeed obtained when schizont extracts were probed with our rabbit antibodies raised against MSP-7 (Fig.  8A) ; besides MSP-7 and MSP-7 22 , three further bands are visible, migrating with apparent molecular masses of around 33, 55, and Ͼ150 kDa. As MSP-7 is a member of the MSRP gene family (13), the 33-kDa species likely identifies MSRP-2 or MSRP-4 and the 55-kDa species MSRP-5 (assuming no grossly aberrant migration behavior or processing of the proteins). The identification of the Ͼ150-kDa species is presently ongoing and will be described elsewhere.
When these antibody preparations were examined in erythrocyte invasion assays performed as described previously (16), significant inhibition was monitored via flow cytometry (Fig. 8B) . Comparable results were obtained when inhibition of parasite-specific lactate dehydrogenase was measured (data not shown). Remarkably, in the case of ␣MSP-6 antibodies, interference with parasite growth was of the same order as seen with ␣p42 antibodies that served as positive control (Fig. 8B) .
DISCUSSION
Invasion of erythrocytes by merozoites of P. falciparum is a complex and poorly understood process involving numerous parasitic proteins. Several of the participating surface proteins undergo specific proteolytic processing (27) , whereas the merozoite is maturing for invasion, and at least for one, MSP-1, such processing is apparently required to allow its orderly shedding from the surface of the parasite, which accompanies the invasion process. The most abundant complex at the merozoite surface to be shed is made up of MSP-1, MSP-6, MSP-7 (and possibly other proteins) that are noncovalently associated. To eventually understand the role of this important multiprotein complex at the parasiteerythrocyte interface, it appeared of interest to us to identify direct interaction partners within the complex using heterologously produced proteins recovered from E. coli.
Probing complex formation between processed and unprocessed forms of MSP-1 with those of MSP-6 and with MSP-7 precursor has revealed interesting commonalities and divergencies. Both proteins interact exclusively with MSP-1D subunits that are shed from the surface. But although MSP-6 appears to bind to p38 only, MSP-7 contacts all MSP-1D subunits except p42, namely p83, p30, and p38. A, sedimentation equilibrium centrifugation analysis revealing apparent molecular masses of 88 and 20 kDa for MSP-6 36 and MSP-6 36 ⌬, respectively; Ⅺ, MSP-6 36 , 0.6 mg/ml; f, MSP-6 36 , 1.1 mg/ml; F, MSP-6 36 ⌬, 0.8 mg/ml. Scans were recorded at 280 nm. Extrapolation to zero concentration yields the molecular mass of the smallest components. B, sedimentation velocity analysis of MSP-6 36 and MSP-6 36 ⌬. The curves displayed are normalized g(s*) plots based on runs at 4°C. MSP-6 36 peaked at 3.7 S and MSP-6 36 ⌬ at 1.6 S. E. MSP-6 36 , 0.15 mg/ml; F. MSP-6 36 , 0.075 mg/ml; f. MSP-6 36 ⌬, 0.08 mg/ml. Scans were recorded at 230 nm.
Analyzing various versions of the MSP-6-MSP-6 precursor, its processed form MSP-6 36 , and the C-terminally truncated MSP-6 36 ⌬ and their interactions with MSP-1 led to an intriguing picture. First, MSP-6 36 and MSP-6 36 ⌬ differ unproportionally in their apparent molecular masses as revealed by size exclusion chromatography indicating asymmetric molecules as well as multimerization. Indeed equilibrium sedimentation analysis and cross-linking experiments confirm that MSP-6 36 but not MSP-6 36 ⌬ forms a tetramer. Accepting that both proteins are properly folded, it appears that the structural motifs required for tetramerization are embedded within the 51 C-terminal amino acids not present in MSP-6 36 ⌬. Second, even accounting for the tetramerization in case of MSP-6 36 , both MSP-6 36 and MSP-6 36 ⌬ exhibit hydrodynamic parameters that indicate highly elongated molecules. Thus, assuming a cylindrical shape for either protein, sedimentation data show that monomeric MSP-6 36 ⌬ would have a dimension of 17 ϫ 1.9 nm and tetrameric MSP-6 36 of 48 ϫ 2.5 nm. Furthermore, assuming that the C-terminal 51 amino acids missing in MSP-6 36 ⌬, which are predicted to largely form a coiled-coil region, would form an ␣-helix, the length of the monomeric MSP-6 36 would be 24 nm, i.e. half the value derived for the tetramer. Thus the structural model for MSP-6 36 , a highly elongated tetramer held together via the C termini of the monomers as sketched in Fig.  9 , closely resembles the structure proposed for MSP-3 (12) . Third, our data reveal that the C terminus of MSP-6 is not only crucial for the tetramerization of the protein but also for its interaction with MSP-1; it binds specifically to p38 independent of whether the latter is offered as individual protein or as a subunit embedded within the MSP-1 complex. By contrast, MSP-6 36 ⌬ shows no affinity to any of the MSP-1 subunits as well as to the assembled complex. Our conclusion that MSP-6 36 contacts MSP-1D directly via its C terminus is supported by previously reported findings that showed that the C terminus is highly conserved within the otherwise dimorphic protein (10) and that it contains a putative coiled-coil region spanning from amino acid position Ala-337 to Asn-371 (3). Antibodies raised against the C-terminal amino acids were capable of pulling down MSP-6 but never co-precipitated MSP-1 or fragments thereof from a culture supernatant, indicating that the C terminus of MSP-6 is not accessible for antibodies when complexed to MSP-1 (3). Interestingly, MSP-3 contains a C-terminal coiled-coil region whose amino acid sequence exhibits a 50% identity and a 85% similarity with MSP-6 (3). As MSP-3 has never been identified in a complex with MSP-1, it appears that the specificity of the interaction between MSP-6 and p38 is likely based on a few diverging amino acids. MSP-3 lacking its C-terminal 37 amino acids does not localize to FIGURE 6 . Probing the interaction of MSP-6 precursor with MSP-1. A, MSP-6 fused to GST (gMSP-6) was incubated with the pre-assembled MSP-1 complex and analyzed by GSH-Sepharose chromatography and SDS-PAGE (standard conditions). B, gMSP-6 was denatured and renatured in the presence of all four MSP-1 subunits under conditions described previously (20) . The assay mixture was subjected to affinity chromatography using mAb 5.2 followed by SDS-PAGE (standard conditions). Nomenclature L, F, and E as introduced in Fig. 3 . Complexes were formed between MSP-7 fused to GST (gMSP-7) and purified MSP-1 subunits containing N-terminal His 6 tags. The full MSP-1 complex was assembled as described previously (20) . Complex formation was monitored by chromatographing aliquots of the assays on GSH-Sepharose followed by SDS-PAGE (standard conditions).The following combinations are shown: gMSP-7 ϩ MSP-1 full complex (A); gMSP-7 ϩ p83 (B); gMSP-7 ϩ p30 (C ); gMSP-7 ϩ p38 (D); gMSP-7 ϩ p42 (E ); gMSP-7 ϩ pA2b (F ); inset in E, Western blot of PAGE analysis using an ␣His 6 mAb. Nomenclature L, F, and E as introduced in Fig. 3 .
the parasitophorous vacuole and is not interacting with the parasite surface anymore. The C-terminal truncation also affects the trafficking of acid-based repeat antigen (28) . Thus, in both proteins, MSP-6 36 and MSP-3, the C-terminal coiled-coil regions appears to fulfill specific functions.
Remarkably, when MSP-6 36 was exposed to the MSP-1D precursor pg190 (Fig. 1A) instead of the assembled MSP-1D complex, no interaction was detectable indicating that for proper exposure of the interaction site(s) MSP-1 precursor has to be processed. Because MSP-6 36 appears to contact p38 exclusively, these results support once more the view that this very MSP-1 subunit plays a central role within the complex. It interacts with p42 and p30 of MSP-1 as well as with MSP-6 and MSP-7. In previous studies (20) , we had probed via limited proteolysis the structure of the MSP-1D precursor in comparison to its processed form 4 and to p38/ 42D. We could show that in the precursor protein, whether isolated from parasites or produced in E. coli, some protease-sensitive sites were less or not at all accessible for proteolytic attack when compared with the processed complex. The changes in susceptibility to protease digestion observed occurred all within the p38 moiety suggesting that the conformation of this subunit is particularly flexible, a parameter possibly connected to its function. The rather extended region of high amino acid conservation within p38 indicates, in addition, functional restrictions and may actually delineate various interaction sites.
Finally, when MSP-6 precursor, i.e. gMSP-6, is exposed to the preassembled MSP-1D complex, no association is observed. By contrast, once denatured and subsequently refolded in the presence of the four MSP-1D subunits, complex formation occurred. This finding indicates that the MSP-6 precursor does not properly expose the domain responsible for the interaction with MSP-1D. In this context, it is interesting to note that the proteolytic attack in E. coli resulting in MSP-6 36 ⌬ is only seen when MSP-6 36 but not MSP-6 is being produced, indicating again a significant conformational difference between MSP-6 and MSP-6 36 at least with respect to the C-terminal domain. Because the MSP-6 precursor is N-terminally fused to GST, we can at present not exclude that the latter observations reflect a specific property of the fusion protein.
Together, our data support the view that complex formation between MSP-1D and MSP-6 takes place only after primary processing of both proteins and suggest that proteolytic cleavages are a prerequisite for exposing the domains required for specific contacts between p38 of MSP-1 and the C terminus of MSP-6. This interpretation is in agreement with the finding that MSP-6 precursor has never been detected in association with MSP-1D. Primary processing of the two proteins could therefore serve as a timing mechanism during merozoite maturation as discussed by Carruthers and Blackman (29) . How A, specificity of antibodies raised in rabbits with purified MSP-6 and MSP-7 precursor protein, both fused to GST. Blots were prepared with schizont extracts (S), merozoite extracts (M), and extracts of uninfected erythrocytes as control (C ). The various protein species detected are indicated. Molecular masses (MM) are given at the left border. B, growth of P. falciparum strain 3D7 monitored via quantitative flow cytometry. Equal amounts of rabbit sera containing ␣MSP-7, ␣MSP-6, or ␣p42 antibodies, respectively, were assayed as described previously (16) . Lowering the antibody concentrations in the assays by 2-and 4-fold, respectively, reduced the extent of growth inhibition (from left to right). PI, preimmune serum. FIGURE 9. Model of the overall structure of the MSP-1-MSP-6 36 -MSP-7 complex. The processing fragments of MSP-1 (p83, p30, p38, and p42) are given in light gray and are arranged according to Kauth et al. (20) . MSP-6 36 and MSP-7 are highlighted in dark gray. Interacting subunits overlap with their circumferences. MSP-6 36 interacts with p38 via its C terminus (C ). With the exception of the C-terminal p19 (30, 31) , which is part of p42, there is no detailed structural information available for the various interacting proteins, which are roughly drawn to scale.
MSP-6 localizes to the surface of the parasite is not explained by these results, however, and thus remains to be elucidated.
In contrast to MSP-6, the precursor of MSP-7 does not require processing for binding to the assembled MSP-1D complex and appears capable of simultaneously contacting the three subunits p83, p30, and p38. Whether MSP-7 would associate also with the MSP-1D precursor could not be examined under our experimental conditions. It would for example require His 6 -tagged MSP-7, which we did not succeed to produce in E. coli. Also, the question whether processed MSP-7 22 is contacting all three subunits of MSP-1 as the precursor protein does remains to be answered. Nevertheless, our data show that the MSP-7 precursor associates with MSP-1 which then may function as a carrier during translocation. Future experiments may reveal whether the two proteins associate, for example, within the lumen of the endoplasmic reticulum and subsequently translocate together to the surface of the parasite, or whether MSP-7 is secreted separately and then associates with MSP-1D in its processed form or as precursor. Finally, under our experimental conditions, we did not detect an affinity between MSP-7 and MSP-6 36 . Thus, we propose a model for the overall structure of the MSP-1-MSP-6 36 -MSP-7 complex as shown in Fig. 9 .
Being exposed to the human immune system, the MSP-1-MSP-6-MSP-7 complex elicits strong humoral responses in P. falciparum-infected individuals, and numerous findings show that antibodies directed toward MSP-1 can be protective. Here, we have examined rabbit antibodies raised against MSP-6 and MSP-7 for their potential to inhibit parasite multiplication in vitro using the lactate dehydrogenase assay (data not shown) as well as quantitative flow cytometry. Our results with ␣MSP-6 antibodies show efficient in vitro inhibition of parasite growth in agreement with earlier reports (10, 11) . However, the inhibition seen with ␣MSP-7 antibodies cannot be interpreted as straightforwardly. They are on one side consistent with the findings of Tewari et al. (18) who, using the P. berghei mouse model, showed that disruption of msp-7 led to a reduced ability of the parasite to invade erythrocytes. On the other side, as revealed by Western blot (Fig. 6A) , our ␣MSP-7 antibodies cross-react with three further parasite proteins and thus may exert their inhibitory function not through or not exclusively through MSP-7.
It is interesting to speculate how inhibitory antibodies targeting the two surface proteins, MSP-6 and MSP-7, may function. ␣MSP-6 antibodies may be effective via cross-reaction with MSP-3 (11). However, in our Western blot, we could not detect a respective affinity (Fig. 6A) . It therefore appears more likely that they prevent the formation of a complex between MSP-6 and MSP-1 or that they interfere directly with the function of the complex. The inaccessibility of the C terminus of the MSP-6 precursor lends itself to a particularly interesting interpretation. As essential interaction sites of this domain appear occluded, complex formation with MSP-1 does not take place before a proteolytic event converts MSP-6 into MSP-6 36 . ␣MSP-6 antibodies may thus be effective by preventing this conversion. Indeed, a mechanism as demonstrated for the secondary cleavage of MSP-1, where antibody-mediated inhibition of proteolysis inhibits invasion of erythrocytes, may apply also to MSP-6, MSP-7, and other parts of MSP-1. Further mechanisms how antibodies interacting with MSP-1, MSP-6, and MSP-7 could interfere with the erythrocytic cycle of the parasite can be imagined, and their exploration remains an interesting challenge. We feel that insights gained in this study will be helpful for addressing a number of further long standing questions that concern structure and function of the MSP-1-MSP-6-MSP-7 complex, its generation and functional maturation, as well as its potential as target for drugs and vaccine-induced immune responses.
